Hematopoietic stem/progenitor cells (HSPCs) function to give rise to mature blood cells. Effective DNA damage response (DDR) and maintenance of genomic stability are crucial for normal functioning of HSPCs. Mammalian target of rapamycin (mTOR) integrates signals from nutrients and growth factors to control protein synthesis, cell growth, survival and metabolism, and has been shown to regulate DDR in yeast and human cancer cells through the p53/p21 signaling cascade. Here, we show that gene targeting of mTOR in HSPCs causes a defective DDR due to a variety of DNA damage agents, mimicking that caused by deficient FANCD2, a key component of the Fanconi anemia (FA) DDR machinery. Mechanistically, mTOR À / À HSPCs express drastically reduced FANCD2. Consistent with these genetic findings, inactivation of mTOR in human lymphoblast cells by pp242 or Torin 1, mTOR kinase inhibitors, suppresses FANCD2 expression and causes a defective DDR that can be rescued by reconstitution of exogenous FANCD2. Further mechanistic studies show that mTOR deficiency or inactivation increases phosphorylation and nuclear translocation of nuclear factor (NF)-kB, which results in an enhanced NF-kB binding to FANCD2 promoter to suppress FANCD2 expression. Thus, mTOR regulates DDR and genomic stability in hematopoietic cells through a noncanonical pathway involving NF-kB-mediated FANCD2 expression.
INTRODUCTION
Maintenance of genomic stability is crucial for cell survival and tissue homeostasis. 1 Mammalian cells have evolved a complex network of DNA damage response (DDR) to sense and respond to genotoxic agents. 2 Activation of DDR leads to the repair of DNA damage and genomic restoration, with cell death being an alternative outcome. 3 A major DDR network consists of the tumor suppressor p53 and its downstream target p21. 4, 5 Another important DDR mechanism involves Fanconi anemia (FA) DNA repair pathway; mutation of each of the 15 known FANC genes causes FA syndrome in human, which is often manifested by bone marrow failure and/or progression to leukemia. [6] [7] [8] It has recently been proposed that p53/p21 may function downstream of FA pathway in DDR of hematopoietic stem/progenitor cells (HSPCs) from FA patients. 9 HSPCs give rise to multilineage mature blood cells. Normal functioning of HSPCs requires a faithful DDR. Indeed, a variety of hematopoietic diseases can be attributed to deficiency of the DDR signaling circuitry. [10] [11] [12] Mammalian target of rapamycin (mTOR) is a serine/threonine kinase and has a critical role in cell growth, survival and metabolism. 13 mTOR is known to function through two cellular complexes: mTOR complex 1 (mTORC1) and 2 (mTORC2). 13 mTOR has been suggested to regulate DDR in yeast and human cancer cells through the p53/p21 pathway. 14, 15 It also has been suggested that inhibiting the mTOR pathway may sensitize cancer cells to chemotherapy and radiotherapy; [16] [17] [18] however, the molecular mechanism by which this occurs remains largely unknown.
Here, we have investigated the role and underlying molecular mechanism of mTOR in DDR of HSPCs using mouse genetargeting approaches. We found that mTOR deficiency sensitized HSPCs to chemotherapy-and radiotherapy-induced DNA damage in vitro and in vivo. Significantly, we discovered that mTOR deficiency, but not that of the mTORC1 component Raptor or the mTORC2 component Rictor, suppressed the expression of FANCD2, a critical component of FA pathway. 6 The downregulation of FANCD2 was due to an activation of transcriptional factor nuclear factor (NF)-kB that in turn inhibited FANCD2 promoter function. These results indicate that mTOR regulates DDR of HSPCs by modulating a NF-kB/FANCD2 signaling cascade.
MATERIALS AND METHODS

Mice and reagents
Conditional gene-targeted mTOR loxp/loxp mice were generated as described previously. 19 The flox allele contains loxP sites flanking exon 1 NF-kB essential modulator (NEMO) peptide (acetyl-RRRRRRRLKAQADIYK ADFQAERHAREKLVEKK EYLQEQLEQLQREFNKL-amide) and control peptide (acetyl-RRRRRRRLKAQADIYKADFQAERHAR EKLVEKKEYPQEQLEQPQREFNK L-amide) were synthesized by GenScript (Piscataway, NJ, USA). NF-kB p65 À / À and IKKa À / À mouse embryonic fibroblasts (MEFs) were kindly provided by Dr Ying Xia (University of Cincinnati, Cincinnati, OH, USA) and generated from NF-kB p65 À / À and IKKa À / À fetuses as previously described. 20, 21 Cell apoptosis analysis Apoptotic cell population was determined by annexin V staining and analyzed by flow cytometry.
Western blot
Whole-cell lysates or nuclear extracts were prepared and separated by 10% SDS-polyacrylamide gel electrophoresis. The expression or activation (phosphorylation) of mTOR, p53, S6K, FANCD2, NF-kB p65 and p50, and IKKa was probed by using corresponding antibodies (Cell Signaling Technology, Danvers, MA, USA). Alkaline comet assay Lin À cells were isolated from bone marrow by MACS beads using a lineage depletion kit (Miltenyi, Auburn, CA, USA) and cultured with a combination of cytokines stem cell factor (100 ng/ml), granulocyte colony-stimulating factor (100 ng/ml), and thrombopoietin (100 ng/ml) for 24 h. The cells were then incubated with or without melphalan for 16 h, or treated with or without ionizing radiation, followed by 7-h incubation. For in vivo induction of DNA damage, mice were injected i.p. with or without MMC and killed after 72 h, and Lin À cells were purified from bone marrow. Human JY lymphoblasts, PD20 cells derived from human FA patient, or FANCD2-reconstituted PD20 cells were treated with or without pp242, rapamycin and/or MMC for 16 h. Damaged DNA content in Lin À or human cells was then determined by comet assay using a Kit from Trevigen (Gaithersburg, MD, USA) per the manufacturer's instructions. Images were captured using a Zeiss fluorescence microscope with an Axiovision camera driven by Axiovision software (Carl Zeiss, Oberkochen, Germany). Images were saved as bitmap files and olive tail moments calculated using TriTek CometScore Freeware v1.5 (TriTek Corp, Sumerduck, VA, USA).
Quantitative real-time RT-PCR
Immunofluorescence
Cells were plated onto 100 mg/ml poly-L-lysine (Sigma)-coated coverslips and fixed with 2% paraformaldehyde. Coverslips were incubated in 0.2% Triton X-100 for 3 min, blocked with 4% bovine serum albumin and incubated with antibody against gH2AX (Upstate, Billerica, MA, USA) for 1 h. Coverslips were incubated in fluorescence-conjugated secondary antibodies (Invitrogen) for 30 min, and mounted onto glass slides with DAPI Vector Vectashield mounting media (Vector Laboratories, Burlingame, CA, USA). Images were taken on a Zeiss fluorescence microscope with an Axiovision camera driven by Axiovision software.
Chromosome breakage assay Cells were treated with 0.05 mg/ml Colcemid (Gibco, Grand Island, NY, USA) for 90 min, followed by 0.4% KCl hypotonic solution at 37 1C for 20 min, fixed with methanol and acetic acid at 4 1C for 15 min, and dropped onto microscope slides. The cells were then rinsed with isoton, stained with Giemsa for 5 min and rinsed with Gurr Buffer (CTL Scientific, Deer Park, NY, USA) and Milli-Q-filtered deionized water. A total of 50 cells from each sample were scored for chromosome breaks.
Electrophoretic mobility shift assay Nuclear extracts were prepared from human JY lymphoblasts. Oligonucleotide probes corresponding to canonical NF-kB consensus sequence
0 (probe III); and 5 0 -TTTGAAGTGGGGCTTCCCAGACTGAA-3 0 (probe IV)) 20 were labeled with g-[ 32 P]ATP using T4 polynucleotide kinase and purified in Bio-Spin chromatography columns (Bio-Rad, Hercules, CA, USA). A NF-1-binding probe (5 0 -CTTATTTTGGATTGAAGCCAATAT-3 0 ) was used to assay NF-1 DN-binding activity as loading control. 22 Ten micrograms of nuclear protein were preincubated with electrophoretic mobility shift assay buffer (12 mmol/l HEPES, pH 7.9, 4 mmol/l Tris-HCl, pH 7.9, 25 mmol/l KCl, 5 mmol/l MgCl 2 , 1 mmol/l EDTA, 1 mmol/l dithiothreitol, 50 ng/ml poly [d(I-C)], 12% glycerol v/v and 0.2 mmol/l phenylmethylsulfonyl fluoride) on ice for 10 min before addition of the radiolabeled oligonucleotide for an additional 10 min. To determine the binding specificity of NF-kB, supershift assay was performed by co-incubating nuclear extracts with NF-kB-specific antibodies against p65 or p50 before addition of the radiolabeled oligonucleotide. Protein-nucleic acid complexes were resolved using a nondenaturing polyacrylamide gel consisting of 5% acrylamide (29:1 ratio of acrylamide:bisacrylamide) and run in 0.5 Â TBE (45 mmol/l Tris-HCl, 45 mmol/l boric acid, 1 mmol/l EDTA) for 1 h at constant current (30 mA). Gels were transferred to Whatman 3M paper, dried under a vacuum at 80 1C for 1 h and exposed to a photographic film at À 70 1C with an intensifying screen.
Statistical analysis
All experimental data were analyzed and compared for statistically significant differences by two-tailed Student's t-test. Data are presented as the averaged values ± s.d., where applicable. The following values were considered significant: *Po0.05, and **Po0.01.
RESULTS AND DISCUSSION mTOR regulates DDR of HSPCs
To explore the role of mTOR in DDR of HSPCs, we ablated mTOR gene from adult bone marrow by crossing polyinosinepolycytidine-inducible Mx1-Cre recombinase mice with conditional mTOR knockout mice (mTOR loxp/loxp ), and inducing Cre expression in the compound mTOR loxp/loxp ;Mx1-Cre þ mice by injection of polyinosine-polycytidine (Figure 1a ). Lineage-negative (Lin À ) cells that are enriched in HSPCs were isolated from the mouse bone marrow. Interestingly, mTOR À / À HSPCs grew in culture similar to that of mTOR þ / þ cells, and did not display a significant defect in survival (Figure 1b) . Under the treatment of the DNA damage agent, melphalan, however, mTOR À / À Lin À cells were more susceptible to apoptosis (Figure 1b) . DNA damage agents induce phosphorylation of histone H2AX and foci formation of gH2AX at or around DNA damage sites. 4, 23 A significant increase in gH2AX foci formation was detected in melphalan-treated mTOR (Figure 1c ). When we directly measured DNA damage by employing the comet assay using a Fpg-FLARE (fragment length analysis using repair enzymes) assay kit, 24, 25 a marked accumulation of DNA damage manifested by tail DNA contentsolive tail moment in melphalan-treated mTOR À / À Lin À cells was observed (Figure 1d ). Similar defects in DDR were also detected in g-ionizing radiation-treated mTOR À / À cells (Supplementary mTOR regulates DNA damage response F Guo et al
Figures S1a and b). To examine DDR of the HSPCs in vivo, we treated mTOR À / À and mTOR þ / þ mice with MMC, and probed for DDR in Lin À cells of the bone marrow. We found that mTOR deficiency enhanced olive tail moment in vivo induced by MMC (Figure 1e ). Consistently with a defect in DDR, we found that phospho-p53 was elevated in mTOR À / À Lin À cells (Figure 1f ). Thus, mTOR regulates DDR of HSPCs. mTOR regulates DDR of hematopoietic cells by regulating FANCD2 expression Inhibition of mTOR signaling in MCF-7 cells has been shown to increase the rate of DNA damage-induced radial chromosomes, a hallmark of the chromosome aberration of the cells with defects in FA signaling pathway. 26, 27 Moreover, the FA pathway has been shown to regulate DDR through p53. 9 These observations led us to hypothesize that mTOR signaling may regulate DDR of HSPCs by affecting FA signaling. In support of this, we detected an over 100-fold decrease in FANCD2 mRNA expression, but not that of the FANCD2-related FANCA and FANCC nor the mTOR-related ATM/ATR kinases in mTOR (Figures 2a and b) . Furthermore, FANCD2
À / À Lin À cells recapitulated the DDR phenotypes of mTOR À / À Lin À cells in vitro and in vivo, which are manifested by increased DNA damage and apoptosis after melphalan treatment (Figures 2c-e) . These genetic results suggest that mTOR signaling to DDR may be mediated through the FANCD2 pathway.
The mTOR-FANCD2 DDR signaling axis also exists in human cells. Treatment of human B lymphoblasts (hereafter referred to as
Hu-FANCD2
þ / þ ) with pp242 or Torin 1, inhibitors of mTOR kinase activity, markedly decreased FANCD2 mRNA transcript expression (Figure 3a) . Treatment of þ / þ cells with pp242 also inhibited MMC-induced FANCD2 monoubiquitination (Figure 3b) , the biochemical hallmark of activation of the FA repair pathway. [6] [7] [8] [9] Notably, although pp242 was effective in inhibiting endogenous FANCD2 expression, it did not suppress the expression of a FANCD2 cDNA driven by a retroviral promoter (Figure 3b ), suggesting that mTOR may exert its regulatory effect on the promoter of the FANCD2. Consequently, Hu-FANCD2 þ / þ cells treated with pp242 displayed a dampened DDR in response to MMC, leading to increased gH2AX foci and DNA damage (Figures 3c and d) . Cytogenetic analysis revealed that pp242-treated cells responded to MMC-induced DNA damage in producing significantly increased chromosome breaks and abnormalities, including radial structure similar to that of FANCD2-deficient PD20 cells derived from a FA patient (hereafter referred to as Hu-FANCD2 À / À ) (Figures 3e and f and Supplementary  Figures S2a and b) . In parallel, Hu-FANCD2
À / À cells exhibited a defect in MMC-induced DDR, but did not show an additive effect to MMC after pp242 treatment (Figure 3g) . Furthermore, the MMCelicited DDR of Hu-FANCD2
À / À cells with or without pp242 could be rescued by retrovirally expressed FANCD2 (Figures 3b and g ). Thus, mTOR regulates DDR in a FANCD2-dependent manner. Interestingly, deletion of the mTORC1 component Raptor or the mTORC2 component Rictor had no effect on FANCD2 expression (Supplementary Figures S3a and b) , suggesting that mTOR regulates FANCD2-mediated DDR independently from the canonical mTOR signaling of mTORC1 or mTORC2. (Figures 4a and b) . We also observed an enhanced nuclear translocation of NF-kB p65 subunit, and DNA binding activity of NF-kB p65/p50 heterodimer and p50/p50 homodimer to canonical NF-kB binding site as well as the NF-kB binding sites of the FANCD2 promoter, particularly the binding site IV, in pp242-treated Hu-FANCD2 þ / þ cells (Figures 4b and c) . The binding specificity of NF-kB p65/p50 and p50/p50 to canonical NF-kB binding site, as well as the NF-kB binding sites of the FANCD2 promoter was detected by a supershift assay with antip65 and anti-p50 antibodies (Figure 4c ). Consistent with an elevated NF-kB activity upon mTOR suppression, pp242-treated Figures S4a and b) . These data are indicative of an increase in canonical NF-kB transcriptional activity upon mTOR inhibition or deficiency. Importantly, FANCD2 expression could be partially restored by treatment of mTOR À / À Lin À cells with a NFkB inhibitor, JSH-23 (Figure 4d) , or a NF-kB inhibitory peptide, NEMO (Figure 4e) . A restoration of FANCD2 expression by JSH-23 rescued defective DDR in mTOR À / À Lin À cells as shown by decreased gH2AX foci formation in DDR assays ( Supplementary  Figures S5a-c) . In MEFs, genetic deletion of NF-kB p65 or NF-kB upstream activator IKKa was able to fully reverse mTOR inhibitor (Figure 4f ). Together, these data indicate that mTOR positively regulates FANCD2 expression by suppressing NF-kB. As mTOR was reported to bind to IKKa in prostate cancer cells, 28 we further examined if inhibition of NF-kB by mTOR could be attributed to mTOR binding to IKKa and a sequestration of IKKa from activating NF-kB. IKKa co-immunoprecipitated with mTOR in Hu-FANCD2 þ / þ cells, and a treatment with pp242 abolished the co-immunoprecipitation (Supplementary Figure S6a) . Blockade of the interaction between mTOR and IKKa by pp242 correlated with an increased binding of IKKa to its upstream activator TAK1 (Supplementary Figure S6b) . Thus, it appears that mTOR negatively regulates NF-kB activity by binding to IKK, and that mTOR knockout or inhibition disrupts the mTOR-IKK complex to release IKK for binding to and activation by TAK1, leading to increased NF-kB nuclear activity.
ml). After 16 h, gH2AX foci formation was visualized by immunofluorescence and quantified (c). The images are representative of at least 30 cells (c). The percentage of positive cells (X6 gH2AX foci) was assessed from 30-50 nuclei (c). Damaged DNA was visualized by comet assay, and olive tail moment in at least 50 cells was calculated (d). After 48 h, the apoptotic cells were measured by FACS analysis of annexin V þ cells (b). (e) DDR of mTOR
The current studies reveal a previously unappreciated role of mTOR in DDR of hematopoietic cells that is mediated through a NF-kB/FANCD2 signaling cascade dependent upon the kinase activity of mTOR. Neither mTORC1 nor mTORC2 signaling alone could account for the observed mTOR regulation of FANCD2 expression, because gene deletion of the Raptor or Rictor is insufficient to yield an effect on FANCD2 expression (Supplementary Figures S3a and b) . Although mTOR has been suggested to activate NF-kB in prostate cancer cells, 28 our genetic data show that mTOR suppresses, rather than activating, NF-kB activity in hematopoietic cells. Thus, mTOR may regulate NF-kB activity in a cell type-specific manner. One generic role of NF-kB is to promote gene transcription. Indeed, activation of NF-kB in mTOR-deficient HSPCs correlates with increased mRNA expression of NF-kB target genes IL-1R2 and IGFR (Figure S4b) , as well as a NF-kB reporter ( Figure S4a) . Furthermore, NF-kB seems to promote FANCD2 gene expression in multiple myeloma cells. 22 However, our data demonstrate that in the mTOR signaling context, NF-kB serves as a suppressor in regulating FANCD2 expression in normal hematopoietic cells (Figure 4) , suggesting that the mTOR-mediated role of NF-kB in governing FANCD2 expression is distinct from that of canonical NF-kB pathways. þ / þ cells treated overnight with or without pp242 (2.4 mM) (left) or Torin 1 (100 nM) (right). (c) Electrophoretic mobility shift assay (EMSA) on DNA binding activity of NF-kB to canonical, as well as four FANCD2-specific NF-kB consensus sites by using pp242-treated þ / þ cells (upper). Supershift assays were performed to determine the binding specificity of NF-kB by using NF-kB-specific antibodies against p65 or p50 (lower). NF-1 DNA binding activity was assayed as a control. In summary, our studies unveil a noncanonical pathway of mTOR signaling in DDR of hematopoietic cells. The findings suggest that a DNA repair-targeted therapy can come by mTOR kinase inhibition to sensitize cancer cells to DNA damage agents and enhance anticancer potential.
